A glial glutamate transporter, GLAST, is expressed abundantly in Bergmann glia and plays a major role in glutamate uptake at the excitatory synapses in cerebellar Purkinje cells (PCs). It has been reported that a higher percentage of PCs in GLAST-deficient mice are multiply innervated by climbing fibers (CFs) than in the wild-type (WT) mice, and that CF-mediated EPSCs with small amplitude and slow rise time, designated as atypical slow CF-EPSCs, are observed in these mice. To clarify the mechanism(s) underlying the generation of these atypical CF-EPSCs, we used (2S,3S)-3-[3-(4-methoxybenzoylamino)benzyloxy]aspartate (PMB-TBOA), an inhibitor of glial glutamate transporters. After the application of PMB-TBOA, slow-rising CF-EPSCs were newly detected in WT mice, and their rise and decay kinetics were different from those of conventional fast-rising CF-EPSCs but similar to those of atypical CF-EPSCs in GLAST-deficient mice. Furthermore, both slow-rising CF-EPSCs in the presence of PMB-TBOA in WT mice and atypical CF-EPSCs in GLAST-deficient mice showed much greater paired-pulse depression compared with fast-rising CF-EPSCs. In addition, both of them were more markedly inhibited by ␥-D-glutamyl-glycine, a low-affinity competitive antagonist of AMPA receptors. These results indicated that both of these types of EPSCs were mediated by a low concentration of glutamate released from neighboring CFs. Based on all of these findings, we suggest that glial transporters prevent glutamate released from a single CF from spilling over to neighboring PCs other than the synaptically connected PC, and play an essential role in the maintenance of the functional one-to-one relationship between CFs and PCs.
Introduction
Glutamate transporters regulate excitatory synaptic transmission by rapid removal of released glutamate. To date, five subtypes of glutamate transporters have been cloned: GLAST (Storck et al., 1992; Tanaka, 1994) , GLT1 (Pines et al., 1992) , excitatory amino acid carrier 1 (EAAC1) (Kanai and Hediger, 1992) , excitatory amino acid transporter 4 (EAAT4) (Fairman et al., 1995) , and EAAT5 (Arriza et al., 1997) . GLAST and GLT1 are expressed in glial cells (Rothstein et al., 1994; Lehre et al., 1995) , whereas EAAC1 and EAAT4 are expressed in neurons (Furuta et al., 1997; Dehnes et al., 1998) . EAAT5 is present in glia and neurons of the retina (Eliasof et al., 1998) . In the cerebellar cortex, both GLAST and EAAT4 are abundantly expressed as predominant glial and neuronal transporters, respectively (Danbolt, 2001) . GLAST is located on the plasma membranes of Bergmann glial processes surrounding the excitatory synapses in Purkinje cells (PCs) (Rothstein et al., 1994; Chaudhry et al., 1995) , whereas EAAT4 is concentrated in extrasynaptic regions at excitatory synapses in PCs (Tanaka et al., 1997; Dehnes et al., 1998) . This different distribution of GLAST and EAAT4 at the electron microscopic level suggests that these transporters serve distinct functions in excitatory synapses on PCs.
Glial glutamate transporters, especially GLAST, have been shown to remove most of the released glutamate at climbing fiber (CF) synapses in PCs (Otis et al., 1997; Wadiche and Jahr, 2001) . In fact, removal of released glutamate is retarded in GLASTdeficient mice (Takayasu et al., 2005) or as a result of the inefficient glial uptake induced by the retraction of astrocytic processes (Iino et al., 2001) . Furthermore, such selective inhibitions of glial glutamate uptake appear to cause persistent multiple CF innervation in PCs (Watase et al., 1998; Iino et al., 2001) . Watase et al. (1998) reported that a higher percentage of PCs in GLAST-deficient mice were multiply innervated compared with that in the wild-type (WT) mice. They also found the presence of two distinct types of CF-mediated EPSCs (CF-EPSCs) with small amplitudes in the mutant mice. One had a fast rise time similar to multiple CF-EPSCs in young WT mice. The other, designated as atypical CF-EPSCs, had an extremely slow rise time.
In this study, we aimed to clarify the mechanism(s) underlying the generation of atypical CF-EPSCs by using a newly synthesized, nontransportable inhibitor of glutamate uptake, (2S,3S)-3-[3-(4-methoxybenzoylamino)benzyloxy]aspartate (PMB-TBOA) obtained by introducing amido substitutions on the benzyl ring of L-threo-␤-benzyloxyaspartate (Shimamoto et al., 2004) . The application of 200 nM PMB-TBOA, which inhibited glial glutamate transporters almost completely with a minor effect on neuronal ones (Takatsuru et al., 2006) , caused slow-rising CF-EPSCs in WT mice, whose properties were similar to those of atypical CF-EPSCs in GLAST-deficient mice. Our results suggest that the atypical CF-EPSCs in GLAST-deficient mice are generated by a low concentration of glutamate released from neighboring CFs. Glial glutamate transporters are likely to play an essential role in the maintenance of the functional one-to-one relationship between CFs and PCs.
Materials and Methods
Generation of GLAST-deficient mice. GLAST-deficient mice were produced as described previously (Watase et al., 1998) . Both the WT and GLAST-deficient mice used were of C57BL/6 genetic background and were maintained under standard conditions of feeding and lighting (12 h light/dark cycle, 22°C). For each experiment, all littermates were processed, and their individual genotype was determined a posteriori by PCR as described previously (Watase et al., 1998) . All experiments were performed according to the guidelines approved by the Animal Care and Experimentation Committee of Gunma University.
Brain slice preparation. Parasagittal cerebellar slices of 200 -250 m thickness were prepared from Wistar rats [ages, 13-17 d; postnatal day 13 (P13)-P17] or WT or GLAST-deficient mice (P28 -P76) using a microslicer (DTK-1000; Dosaka EM, Kyoto, Japan) as described previously (Iino et al., 2001) . The slices were maintained at room temperature after an initial 1 h of incubation until needed for recording. The solution used for slice storage and the recording solution consisted of the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 D-glucose, saturated with 95% O 2 and 5% CO 2 . During recordings, the external solution was maintained at 32°C with a solution in-line heater (SH-27A; Warner Instruments, Hamden, CT).
Electrophysiology. PCs and Bergmann glia were visualized by using an upright microscope (Axioskop; Zeiss, Oberkochen, Germany) with a 60ϫ water-immersion objective and equipped with Nomarski optics. Whole-cell patch-clamp recordings were performed in the presence of 100 M picrotoxin to block GABA A receptors. The internal solution for recording of AMPA receptor (AMPAR)-mediated EPSCs in PCs contained the following (in mM): 150 Cs-gluconate, 8 NaCl, 2 Mg-ATP, 10 HEPES, 0.1 spermine, and 5 lidocaine N-ethyl bromide (QX-314), pH 7.2. CF-evoked responses in Bergmann glia, that is, AMPAR-mediated currents and synaptically activated transporter currents (STCs) were recorded at Ϫ80 mV in the absence and presence of 20 M NBQX, respectively, with a similar internal solution, except that K-gluconate was substituted for Cs-gluconate. The resistances of patch pipettes filled with these internal solutions were 2-4 M⍀ and 4 -5 M⍀ for recording of PCs and Bergmann glia, respectively. CFs and parallel fibers (PFs) were activated by applying square pulses (10 -100 A, 100 s) with a concentric bipolar tungsten electrode placed in the granule cell layer and the molecular layer, respectively. CF-EPSCs were considered as slow-rising or atypical if their 10 -90% rise time was longer than 1 ms. To search for multiple innervation by CFs in a tested PC, the stimulating electrode was moved systematically in the granule cell layer, and the stimulus intensity was gradually increased at each stimulation site. The current responses were recorded with an EPC-8 amplifier (HEKA Elektronik, Lambrecht, Germany), and the pCLAMP system (version 7; Molecular Devices, Foster City, CA) was used for data acquisition and analysis. EPC-9 amplifier (HEKA Elektronik) was used for dual recordings from a pair of PCs. Origin (version 5.5; Microcal Software, Northampton, NC), Pulse/Pulsefit (HEKA Elektronik), and Igor Pro (WaveMetrics, Lake Oswego, OR) programs were also used for data analysis. AMPAR-mediated EPSCs and STCs were filtered at 3 kHz and digitized at 10 kHz; metabotropic glutamate receptor (mGluR)-mediated synaptic currents were filtered at 1 kHz and digitized at 2 kHz. The amplitude-weighted decay time constant of EPSCs was defined as the integrated EPSC after the peak divided by the peak amplitude and was used as a single parameter measure to represent the kinetics of decay of the EPSC. Unless otherwise noted, values are given as mean Ϯ SEM. Student's t test was performed for statistical analysis, and differences were considered significant at p Ͻ 0.05.
Drugs and chemicals. PMB-TBOA was prepared as described previously (Shimamoto et al., 2004) 
, and cyclothiazide (CTZ) were purchased from Tocris Bioscience (Bristol, UK). Picrotoxin was from Wako Pure Chemical Industries (Osaka, Japan), and QX-314 was from Sigma (St. Louis, MO). All drugs were dissolved in distilled water or DMSO at a concentration of 1-10 mM. The final concentrations of the drugs indicated in the Results section were obtained by diluting the stock solutions in the recording external solution. The final DMSO concentration was always Ͻ0.1%. All solutions containing drugs were bath applied at a rate of 2-3 ml/min that resulted in solution exchange within 2-3 min.
Results

Inhibition of glial glutamate transporters by PMB-TBOA
The novel antagonist of glutamate transporters, PMB-TBOA, specifically blocks GLAST and GLT1 at extremely low concentrations (Shimamoto et al., 2004) . PMB-TBOA was shown to inhibit STCs evoked by CF stimulation in Bergmann glia in mice in a dose-dependent manner with the IC 50 value of 46.9 nM. The bath application of 200 nM PMB-TBOA suppressed STCs in Bergmann glia in mice almost completely, whereas it reduced STCs evoked by CF stimulation in PCs only by 9.6% (Takatsuru et al., 2006) . In this study, we obtained similar results in Bergmann glia and PCs in cerebellar slices of young rats (P13-P17) (see supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). The IC 50 values of PMB-TBOA for STCs in Bergmann glia and PCs were 52.0 and 651 nM, respectively. PMB-TBOA at 200 nM blocked STCs in Bergmann glia almost completely (by 97.8 Ϯ 1.4% inhibition of control amplitude; n ϭ 7), whereas it inhibited STCs in PCs only weakly (by 7.8 Ϯ 1.8% inhibition of control amplitude; n ϭ 11). This indicates that PMB-TBOA at 200 nM is useful to block glial glutamate transporters with only a small effect on neuronal transporters.
In the presence of 200 nM PMB-TBOA, CF stimulation elicited small currents (13.2 Ϯ 5.7 pA; n ϭ 4) in an all-or-none manner in the late phase in 4 of 10 PCs tested (supplemental Fig.  S1 E, F, available at www.jneurosci.org as supplemental material). These late currents had their peaks at several hundred milliseconds after the stimulus and were obviously different from the STCs with their peaks within 20 ms after the stimulus. These currents were increased by 200 M DL-TBOA and completely blocked by 1 mM MCPG, an mGluR antagonist (supplemental Fig. S1 E, F, available at www.jneurosci.org as supplemental material). They are most likely to be mGluR-mediated EPSCs (mGluR-EPSCs) evoked by CF stimulation (Dzubay and Otis, 2002) . In contrast, the peak amplitude of CF-evoked STCs in PCs was not affected by MCPG. Furthermore, 50 M APV, an inhibitor of NMDA receptors, and 5 M CGP55845, an inhibitor of GABA B receptors, exerted no influence on the effects of PMB-TBOA on STCs in PCs.
Slow-rising CF-EPSCs under conditions in which glial glutamate uptake is inhibited
We first examined the properties of CF-EPSCs in cerebellar slices from WT and GLAST-deficient mice at similar ages (P28 -P76). CFs were stimulated in the granule cell layer 60 -100 m away from the recorded PCs, and the stimulus intensity was gradually increased. In all PCs tested in WT mice, CF-EPSCs were elicited in an all-or-none manner with one discrete step, and they had fast-rising kinetics and large amplitude in the normal solution ( Fig. 1 A, top traces) . The application of 200 nM PMB-TBOA prolonged the weighted decay time constant of these conventional CF-EPSCs significantly in WT mice because of the retarded removal of synaptically released glutamate attributable to the lack of function of glial glutamate transporters (Takatsuru et al., 2006) . However, this treatment exerted no influence on either rise time or peak amplitude of these CF-EPSCs. Interestingly, small, slow-rising CF-EPSCs often occurred in PCs tested in the presence of 200 nM PMB-TBOA. These slow-rising CF-EPSCs were clearly distinguished from fast-rising ones by their 10 -90% rise times of Ͼ1 ms. These results implied that CF-EPSCs had multiple discrete steps that occurred in an all-or-none manner in the presence of 200 nM PMB-TBOA ( Fig. 1 A, middle traces). It has been reported that significantly a higher percentage of PCs are multiply innervated by CFs in GLAST-deficient mice than in WT mice and that two distinct types of small-amplitude CF-EPSCs occur in GLAST-deficient mice (Watase et al., 1998) . One has a fast rise time and is similar to WT multiple CF-EPSCs, whereas the other, designated as atypical CF-EPSCs, has a slow rise time, which is not seen in WT mice. We confirmed the occurrence of such slow-rising CF-EPSCs in GLAST-deficient mice ( Fig. 1 A, bottom traces) and noted that their shapes were similar to those of slow-rising CF-EPSCs in the presence of 200 nM PMB-TBOA in WT mice. In WT mice, the mean amplitude and 10 -90% rise time of fast-rising and large CF-EPSCs were 1126 Ϯ 139 pA and 0.43 Ϯ 0.03 ms in CF-EPSCs in the control condition (n ϭ 5), whereas the corresponding values were 152.8 Ϯ 38.9 pA and 5.4 Ϯ 1.0 ms for slow-rising CF-EPSCs (n ϭ 9) and 1208 Ϯ 119 pA and 0.44 Ϯ 0.02 ms for fast-rising CF-EPSCs in the presence of 200 nM PMB-TBOA (n ϭ 7). In contrast, they were 125.8 Ϯ 19.8 pA and 4.3 Ϯ 0.2 ms for atypical CF-EPSCs (n ϭ 10), and 1150 Ϯ 113 pA and 0.46 Ϯ 0.03 ms for fast-rising CF-EPSCs in GLASTdeficient mice (n ϭ 7). Thus, the atypical CF-EPSCs in GLASTdeficient mice were similar in both amplitude and 10 -90% rise time to slow-rising CF-EPSCs in the presence of PMB-TBOA in WT mice ( Fig. 1 B) .
To detect the occurrence of slow-rising CF-EPSCs more systematically, the electrode for the stimulation of CFs was moved by ϳ20 m steps, and the stimulus intensity was gradually increased at each stimulation site at 0.1 Hz (Hashimoto et al., 2001) . At some stimulus sites, slow-rising CF-EPSCs were evoked at lower stimulus intensity than fast-rising CF-EPSCs, whereas vice versa at other stimulus sites in the same PCs. By means of moving the stimulating electrode, the chance to elicit slow-rising CF-EPSCs by a lower stimulus intensity than that necessary to elicit fast-rising CF-EPSCs increased. Interestingly, once the fast-rising CF-EPSC was evoked, no slow-rising current was detected as an additional component at higher stimulus intensities. In 40 (80.0%) of 50 PCs tested in WT mice, slow-rising CF-EPSC(s) in addition to a fast-rising, large CF-EPSC were observed in the presence of 200 nM PMB-TBOA. Of these 40 cells, 20, 14, and 6 PCs had one, two, and three discrete steps of slow-rising CF-EPSCs, respectively ( Fig. 2A, top traces; B) . In contrast, all PCs tested had only a single fast-rising CF-EPSC in the normal solution.
Using the same method, we examined the occurrence of atypical CF-EPSCs in GLAST-deficient mice. The atypical CF-EPSCs were detected in 25 (80.1%) of 31 PCs of GLAST-deficient mice. Of these 25 cells, 15, 8, and 2 PCs had one, two, and three discrete steps of atypical CF-EPSCs, respectively ( Fig. 2 A, bottom traces; Figure 1 . Slow-rising CF-EPSCs under conditions in which glial glutamate uptake is inhibited. A, CF-EPSCsinaWTPCinnervatedbyasingleCFunderthecontrolcondition(toptraces)andthoseinthe presence of 200 nM PMB-TBOA in the same PC (middle traces), in which small, slow-rising CF-EPSCs wereadditionallydetected.SimilaratypicalCF-EPSCsweredetectedinGLAST-deficientmice(bottom traces). One to three traces are superimposed at each threshold of the stimulus intensity. The right graphs show EPSC amplitude (Amp.) against the stimulation (Stim.) intensity for the left traces, respectively.EachpointindicatesthepeakamplitudeofEPSC.Withgraduallyincreasingstimulusintensity,allEPSCswereeliciteddiscretely.Stimuliwereappliedat0.1Hz.HoldingpotentialwasϪ10mV. B, Summary of measurements of peak amplitude (left graph) and 10 -90% rise time (right graph) of WT CF-EPSCs in the control condition (n ϭ 5; Control), slow-rising (n ϭ 9; Slow) and fast-rising CF-EPSCs (n ϭ 7; Fast) in the presence of 200 nM PMB-TBOA, and atypical (n ϭ 10; Atypical) and fast-rising (n ϭ 7; Mutant fast) CF-EPSCs in GLAST-deficient mice. All CF-EPSCs whose 10 -90% rise timeswereslowerthan1msweregroupedasslow-risingCF-EPSCsinWTmiceandatypicalCF-EPSCs in GLAST-deficient mice, respectively. B). Thus, the incidence of atypical CF-EPSCs in GLAST-deficient mice was similar to that of slow-rising EPSCs in the presence of PMB-TBOA in WT mice.
In this study, all PCs tested had only one fast-rising CF-EPSC in GLAST-deficient mice, whereas multiple fast-rising CF-EPSCs have been reported to occur in ϳ15% of PCs in GLAST-deficient mice (Watase et al., 1998) . One possible reason for this discrepancy might be that we used mice older than those used by previous authors.
Paired-pulse depression of slow-rising CF-EPSCs
Paired-pulse depression (PPD) is a characteristic feature of CF-PC synapses, which is attributed to a decreased transmitter release from presynaptic terminals in response to the second pulse of a paired stimulus (Konnerth et al., 1990) . The magnitude of PPD of atypical CF-EPSCs in GLAST-deficient mice has been shown to be significantly greater than that of the WT and mutant fast-rising CF-EPSCs (Watase et al., 1998) . Slow-rising CF-EPSCs in the presence of PMB-TBOA also showed greater PPD (Fig. 3A) . When the depression ratio was plotted as a function of interpulse interval between 10 and 5000 ms, both the magnitude and time course of PPD of slow-rising CF-EPSCs were clearly different from those of fast-rising CF-EPSCs but were similar to those of atypical CF-EPSCs in GLAST-deficient mice (Fig. 3B ). This result again supports the notion that slow-rising CF-EPSCs in the presence of PMB-TBOA in WT mice and atypical CF-EPSCs in GLAST-deficient mice are attributable to common mechanism(s). Furthermore, this result confirms that slowrising CF-EPSCs in the presence of PMB-TBOA are elicited by stimulating CFs and not by activating mossy fiber-granule cell-PF circuits, because PF-evoked EPSCs display clear pairedpulse facilitation regardless of the presence or absence of PMB-TBOA ( Fig. 4C ). showing the distribution of the number of discrete steps of CF-EPSCs. In WT mice, 1-3 steps of slow-rising CF-EPSCs were detected in the presence of PMB-TBOA in 80.0% (40 of 50) of PCs tested (black columns) in addition to a fast-rising EPSC. In the normal solution, all PCs had only a single-step fast-rising CF-EPSC (gray column). In GLAST-deficient mice, one to three discrete steps of atypical CF-EPSCs were detected in 80.1% (25 of 31) of PCs. The distribution of discrete steps of GLAST-deficient CF-EPSCs (white columns) was similar to that of WT CF-EPSCs in the presence of PMB-TBOA. 
Synaptic AMPARs mediate slow-rising currents
Although CF-EPSCs are mediated primarily by AMPARs, PCs also possess a variety of other glutamate receptors, including mGluRs (Masu et al., 1991) , NMDA receptors (Thompson et al., 2000) , and kainate receptors (KARs) (Wisden and Seeburg, 1993; Huang et al., 2004) . In particular, the activation of mGluRs elicits extremely slow EPSCs in PCs (Batchelor and Garthwaite, 1997; Dzubay and Otis, 2002) . Therefore, we first used the mGluR antagonist MCPG and the non-NMDA receptor antagonist, NBQX to determine the contributions of the respective receptor to the slow-rising CF-EPSC in the presence of PMB-TBOA in WT mice and atypical CF-EPSCs in GLAST-deficient mice. The application of 1 mM MCPG had no effect on these slow CF-EPSCs (n ϭ 4, slow-rising CF-EPSC; n ϭ 4, mutant atypical CF-EPSC), whereas all slow-rising CF-EPSCs were blocked completely by 10 M NBQX (n ϭ 6, slow-rising CF-EPSC; n ϭ 6, mutant atypical CF-EPSC). We next tested whether KARs underlie these slow CF-EPSCs by using a selective AMPAR antagonist, SYM 2206. The application of 100 M SYM 2206, a concentration that blocks AMPARs but attenuates KAR-mediated currents by Ͻ20% (Pelletier et al., 1996; Li et al., 1999) , completely abolished slow-rising CF-EPSCs in 200 nM PMB-TBOA in WT mice (n ϭ 4) ( Fig. 4 A,  WT) as well as atypical CF-EPSCs in GLAST-deficient mice (n ϭ 4; Fig. 4A ; GLAST Ϫ/Ϫ). Furthermore, slow-rising CF-EPSCs in PMB-TBOA had a reversal potential close to 0 mV and a linear current-voltage relationship at membrane potentials from Ϫ80 to ϩ60 mV (n ϭ 3) ( Fig. 4 B) . Similar results were obtained in atypical CF-EPSCs for GLAST-deficient mice (n ϭ 3; data not shown). These results indicate that almost all components of both PMB-TBOA-induced slow-rising CF-EPSCs and mutant atypical CF-EPSCs are mediated by AMPARs.
Slow-rising currents are not attributable to dendritic filtering
Synaptic currents generated in distal synapses and measured at the soma are substantially filtered and distorted (Johnston and Brown, 1983; Spruston et al., 1993) . PF synapses are located on the distal dendrites of PCs, whereas CF synapses are located at more proximal dendrites (Eccles et al., 1967) . Such a distinct electrotonic length from soma to the site of the synapse is one of the reasons for the slower 10 -90% rise time of PF-mediated EPSCs (PF-EPSCs) compared with those of CF-EPSCs (Llano et al., 1991; Aiba et al., 1994; Kano et al., 1995 Kano et al., , 1997 . In fact, in PCs lacking glutamate receptor ␦2 (GluR␦2), additional CF synapses at distal dendrites cause atypical CF-EPSCs with slow rise time (Hashimoto et al., 2001; Ichikawa et al., 2002) . In addition, the passive membrane properties would affect the rise time of EPSCs (Llano et al., 1991) . Therefore, we compared the rise time of the slow-rising CF-EPSCs and PF-EPSCs in the same PC. The slowrising CF-EPSCs in the presence of PMB-TBOA and mutant atypical CF-EPSCs were elicited by the stimulation of CFs in the granule cell layer, whereas PF-EPSCs were elicited in the same PCs by the stimulation of PFs in the molecular layer 60 -100 m away from the recoded PCs. The 10 -90% rise times of slow-rising and mutant atypical CF-EPSCs were considerably slower than those of PF-EPSCs, respectively [5.2 Ϯ 0.4 ms for slow-rising CF-EPSCs, 1.4 Ϯ 0.1 ms for PF-EPSCs, n ϭ 12, p Ͻ 0.001 (Fig.  4C,D) ; 4.0 Ϯ 0.2 ms for mutant atypical CF-EPSCs, 1.4 Ϯ 0.1 ms for mutant PF-EPSCs, n ϭ 10, p Ͻ 0.001 ( Fig. 4 E, F ) ]. Considering the normal anatomy of the GLAST-deficient cerebellum (Watase et al., 1998) , we can safely conclude that the slow rise times of both PMB-TBOA-induced and mutant atypical CF-EPSCs are not attributable simply to dendritic filtering.
Difference in glutamate concentration between slow-and fast-rising CF-EPSCs
The results described above suggest that both pharmacologically induced slow-rising EPSCs in WT mice and atypical CF-EPSCs in GLAST-deficient mice are attributed to a common mechanism, that is, an inadequate uptake of released glutamate by glial transporters. It is likely that low concentrations of glutamate that escaped from the uptake by the glial transporters spilled over to neighboring PCs and activated their AMPARs. If so, these receptors would encounter lower concentrations of glutamate during a synaptic event than those located in an active synapse. We investigated the differences in the concentration of glutamate transient between slow-and fastrising CF-EPSCs using pharmacological tools (Fig. 5) .
We first tested the effects of CTZ (100 M), which greatly reduces desensitization and increases the affinity of glutamate for AMPARs (Patneau et al., 1993; Yamada and Tang, 1993; Partin et al., 1994) . Based on the latter property, CTZ markedly increases AMPAR currents mediated by lower concentrations of glutamate (Dzubay and Jahr, 1999) . As was expected, the addition of 100 M CTZ markedly increased the amplitude of slow-rising CF-EPSCs in PMB-TBOA to 374 Ϯ 53% (n ϭ 6) and that of atypical CF-EPSCs in GLAST-deficient mice to 560 Ϯ 46% (n ϭ 7). In con-trast, 100 M CTZ increased the amplitude of fast-rising CF-EPSCs to only 128 Ϯ 4.8% in the presence of PMB-TBOA in WT mice (n ϭ 5) and that of fast-rising EPSCs to 125 Ϯ 4.0% in GLAST-deficient mice (n ϭ 6) ( Fig. 5 A, B) .
We next used a low-affinity competitive antagonist of non-NMDA receptors, ␥-DGG (1 mM), which competes more effectively against lower concentrations of glutamate than higher ones (Watkins, 1991; Liu et al., 1999; Wadiche and Jahr, 2001) . The efficacy of ␥-DGG is determined by the nonequilibrium interaction between the transient presence of glutamate and the continuous presence of ␥-DGG (Clements et al., 1992) . The application of 1 mM ␥-DGG markedly decreased the amplitude of slow-rising CF-EPSCs to 30.0 Ϯ 1.9% in PMB-TBOA in WT mice (n ϭ 5) and that of atypical EPSCs to 32.0 Ϯ 2.6% in GLAST-deficient mice (n ϭ 6). In contrast, 1 mM ␥-DGG decreased the amplitude of fast-rising CF-EPSCs to only 85.0 Ϯ 4.8% in the presence of PMB-TBOA in WT mice (n ϭ 5) and that of fast-rising EPSCs to 83.0 Ϯ 5.2% in GLAST-deficient mice (n ϭ 5) (Fig. 5C,D) .
CTZ and ␥-DGG had no effect on the amplitude and kinetics of STCs evoked by CF stimulation in PCs in matured WT mice (P35-P42) (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). The same result has also been shown in young rats (Dzubay and Jahr, 1999; Wadiche and Jahr, 2001) . This indicates that these drugs exert no influence on glutamate release at CF-PC synapses and that their effects on the amplitude of CF-EPSCs are attributed exclusively to their actions on postsynaptic AMPARs. Thus, we conclude that AMPARs underlying the slowrising CF-EPSCs are exposed to lower concentrations of glutamate than those underlying the fast-rising CF-EPSCs.
Lowering glutamate release probability preferentially reduces slow-rising CF-EPSCs
The activation of AMPARs at the peak of conventional fast-rising CF-EPSCs is saturated by an excessive amount of glutamate from CF terminals with the high release probability (Wadiche and Jahr, 2001; Harrison and Jahr, 2003) . If slow-rising CF-EPSCs are mediated by glutamate that is released from CFs innervating neighboring PCs and spills over to AMPARs of the PC tested, the activation of AMPARs would not reach the saturation level at the peak, and therefore the amplitude of slow-rising CF-EPSCs would be more sensitive to release probability than that of conventional fast-rising CF-EPSCs. We next examined this possibility. According to the Ca 2ϩ dependency of release probability at CF-PC synapses, lowering extracellular Ca 2ϩ from 2.0 to 1.0 or 0.5 mM (and simultaneously increasing Mg 2ϩ from 1.0 to 2.0 or 2.5 mM, respectively) reduced the peak amplitude of CF-EPSCs (Fig. 6 A) . The peak amplitude of CF-EPSCs in 0.5 mM Ca 2ϩ relative to that in 2 mM Ca 2ϩ was 45.0 Ϯ 4.0% (n ϭ 5) in conventional CF-EPSCs and 7.0 Ϯ 0.7% (n ϭ 7) and 39.0 Ϯ 3.0% (n ϭ 7) in slow-and fast-rising CF-EPSCs in the presence of 200 nM PMB-TBOA in WT mice, respectively. Figure 6 B summarizes the preferential reduction of the relative peak amplitude of slowrising CF-EPSCs by lowering the Ca 2ϩ concentration. Such a preferential Ca 2ϩ sensitivity of slow-rising CF-EPSCs supports the notion that they arise from the activation of AMPARs by glutamate released from the neighboring active sites.
It has been shown that the suppression of glial glutamate transporters by 200 nM PMB-TBOA prolonged the decay of fastrising CF-EPSCs (Takatsuru et al., 2006) . This decay prolonged by PMB-TBOA was markedly speeded by lowering the extracellular Ca 2ϩ concentration. This was also the case for slow-rising CF-EPSCs (Fig. 6C) . Thus, under the conditions in which there was a lack of the functions of glial glutamate transporters, the decay kinetics of both fast-and slow-rising CF-EPSCs depended on the release probability of glutamate.
DL-TBOA, a nonselective inhibitor of glutamate uptake, also induces slow-rising CF-EPSCs
If PMB-TBOA induces slow-rising CF-EPSCs by inhibiting glial glutamate uptake, they would also be visible or even more prominent when all glutamate transporters are inhibited nonselectively by DL-TBOA (Shimamoto et al., 1998) . We next tested this possibility. In the presence of 200 M DL-TBOA, slow-rising CF-EPSCs also occurred in an all-or-none manner in WT mice in 9 of 11 PCs tested (Fig. 7A) . The magnitude of PPD and the time course of recovery from PPD for these CF-EPSCs were similar to those in the presence of 200 nM PMB-TBOA ( Fig. 7 B, C) . These CF-EPSCs were completely inhibited by SYM 2206 (Fig. 7D) , indicating that they were also mediated by AMPARs (Fig. 7D) . The mean amplitude of slow-rising CF-EPSCs in the presence of DL-TBOA was 185.2 Ϯ 17.1 pA (n ϭ 9). This value was slightly larger than that in the presence of 200 nM PMB-TBOA (152.8 Ϯ 38.9 pA, n ϭ 9), but there was no significant difference between them (Fig. 7E, left) . The 10 -90% rise time of slow-rising CF-EPSCs in the presence of DL-TBOA was 11.3 Ϯ 0.9 ms (n ϭ 9), being significantly longer than that in the presence of 200 nM PMB-TBOA (5.4 Ϯ 1.0 ms; n ϭ 9; p Ͻ 0.001) (Fig. 7E, middle) . Furthermore, the weighted decay time constant was also longer in the presence of DL-TBOA (66.0 Ϯ 10.3 ms; n ϭ 9) than that in the presence of 200 nM PMB-TBOA (29.5 Ϯ 2.9 ms; n ϭ 9; p Ͻ 0.001) (Fig. 7E, right) . Thus, a high concentration of DL-TBOA induced Figure 7 . Slow-rising CF-EPSCs in the presence of DL-TBOA. A, Slow-rising and fast-rising CF-EPSCs in a WT PC in the presence of 200 M DL-TBOA. All EPSCs were elicited discretely with gradually increasing stimulus (Stim.) intensity. Two or three traces are superimposed at each threshold of the stimulus intensity. The right graph shows EPSC amplitude (Amp.) against the stimulus intensity for the left traces. B, Paired-pulse depression of slow-rising CF-EPSCs in the presence of DL-TBOA evoked at interpulse intervals indicated at the top of the traces. C, The mean ratio of PPD of slow-rising CF-EPSCs in the presence of DL-TBOA (n ϭ 5). The second response was expressed asapercentageoftheresponsetothefirstpulseandwasplottedasafunctionofinterpulseinterval.D, Complete inhibition of slow-rising CF-EPSCs in the presence of DL-TBOA by 100 M SYM 2206. E, Comparison of the mean values of the amplitude, 10 -90% rise time, and weighted decay time constant of slow-rising CF-EPSCs in the presence of DL-TBOA (n ϭ 9) with the corresponding values of slow-risingCF-EPSCsinthepresenceofPMB-TBOA(nϭ9).The10 -90%risetimeandtheweighted decaytimeconstantofslow-risingCF-EPSCsinthepresenceofDL-TBOAweresignificantlylongerthan thoseinthepresenceofPMB-TBOA(*pϽ0.001).Therewasnosignificantdifferenceintheamplitude between these two drugs ( p ϭ 0.286) the slow-rising CF-EPSCs more prominently than 200 nM PMB-TBOA.
Simultaneous recordings of CF-EPSCs from two adjacent PCs in the presence of PMB-TBOA
To confirm the notion that CF stimulation would induce a fastrising EPSC in the directly innervated PC and simultaneously slow-rising EPSCs in neighboring PCs when the function of glial glutamate transporters is inhibited, we finally performed simultaneous recordings of CF-EPSCs from 13 pairs of two adjacent PCs. When the intensity of CF stimulation was gradually increased in the presence of 200 nM PMB-TBOA in slices of WT mice, conventional fast-rising EPSCs in one cell and slow-rising EPSCs in the other cell were elicited simultaneously in all-ornone manner in five pairs of PCs (Fig. 8 A) . The simultaneous occurrence of slow-rising CF-EPSCs with different amplitudes was also seen in three pairs of PCs (Fig. 8 B) . Thus, we observed the coincidental EPSCs with the identical stimulus thresholds in 8 of 13 pairs of adjacent PCs (61.5%).
Discussion
In this study, we showed that slow-rising CF-EPSCs appeared in WT mice in the presence of PMB-TBOA, a potent antagonist of glial glutamate transporters. These slow-rising CF-EPSCs were similar to atypical CF-EPSCs in GLAST-deficient mice (Watase et al., 1998) in their kinetics, the magnitude of PPD, and pharmacological properties. These results strongly suggest that both of these types of slow CF-EPSCs are caused by the indirect activation of AMPARs by low concentrations of glutamate released from neighboring CFs, as sche-matically summarized in supplemental Fig. S3 (available at www. jneurosci.org as supplemental material).
Glutamate spillover
It has been demonstrated in many synapses that the inhibition of uptake of synaptically released transmitter causes spillover of transmitter to neighboring synapses (Rossi and Hamann, 1998; Carter and Regehr, 2000; Diamond, 2001; Clark and Cull-Candy, 2002; DiGregorio et al., 2002; Takayasu et al., 2004) . The results shown in this study can also be reasonably explained by the hypothesis that glutamate spillover causes both pharmacologically induced slow-rising and mutant atypical CF-EPSCs. First of all, both EPSCs exhibited a greater magnitude of PPD compared with the conventional fast-rising CF-EPSCs. This greater magnitude of PPD was reminiscent of that of CF-evoked currents in Bergmann glia (Dzubay and Jahr, 1999; Matsui and Jahr, 2004) . In CF-EPSCs elicited by the first CF stimulation, the activation of postsynaptic receptors is saturated by an excessive amount of glutamate. Therefore, the amplitude of the CF-EPSCs does not accurately represent the amount of synaptically released glutamate, and the magnitude of PPD is underestimated (Harrison and Jahr, 2003) . In contrast, unsaturated postsynaptic responses, such as CF-evoked currents in Bergmann glia or CF-EPSCs in PCs with a reduced synaptic glutamate transient, would reflect the amount of released glutamate more faithfully, and consequently the greater magnitude of PPD would be observed (Dzubay and Jahr, 1999; Harrison and Jahr, 2003) . The slowrising CF-EPSCs detected in this study would be unsaturated postsynaptic responses elicited by lower concentrations of glutamate that diffused out of the releasing sites and therefore would exhibit a greater magnitude of PPD. The lower concentration of glutamate transient of slow-rising CF-EPSCs is also supported by the more marked effects of CTZ and ␥-DGG and reducing presynaptic glutamate release probability on slow-rising CF-EPSCs compared with conventional fast-rising CF-EPSCs.
The cerebellar architecture is normal in GLAST-deficient mice (Watase et al., 1998) . In this study, slow-rising CF-EPSCs were induced pharmacologically even in WT mice. Therefore, glutamate yielding slow-rising CF-EPSCs would not come from atypical CF terminals distinctive to GLAST-deficient mice but rather from ordinary CF terminals. In the adult cerebellum, each PC is innervated by a single CF. This one-to-one relationship is preceded by a developmental stage with redundant innervation of PCs by multiple CFs (Crépel, 1982; Hashimoto and Kano, 2005) . One possibility is that glutamate released from free CF terminals degenerating during a period of CF pruning would become detectable because of the inhibition of glial glutamate uptake. This CF pruning in mice occurs during the second and third postnatal weeks and is completed by approximately P21. However, slow-rising currents in this study were detectable in more mature stages of both WT and GLAST-deficient mice (P28 -P76). Therefore, this possibility seems unlikely. Another possibility is that glutamate spilled over from normal terminals or ectopic release sites of CFs Jahr, 2003, 2004) innervating neighboring PCs could activate AMPARs on recorded PCs (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). A remarkable feature of the dendritic tree of PCs is that the extremely profuse branches are distributed widely (to ϳ250 m) in the transverse plane of the folium but are very restricted (to ϳ10 m) in the longitudinal plane (Eccles et al., 1967) . In the molecular layer, such flat dendritic sheets are compactly arranged in parallel with the transverse plane, providing an opportunity for more intimate interdigitation of dendritic sheets of neighboring PCs (Eccles et al., 1967) . In addition, the glutamate transient at CF-PC synapses reaches a very high concentration (Wadiche and Jahr, 2001; Harrison and Jahr, 2003) . Accordingly, trans-cellular spillover of glutamate onto adjacent PCs in the longitudinal plane may occur easily when glutamate uptake is hindered by inhibiting the functions of glial glutamate transporters. This notion is strongly supported by the result obtained by simultaneous recordings of CF-EPSCs from a pair of adjacent PCs in which CF stimulation with the same threshold elicited conventional fast-rising CF-EPSCs in one cell and simultaneously slow-rising EPSCs in the other cell ( Fig. 8 A) .
In this experiment, once the fast-rising CF-EPSC was evoked, no slow-rising current was detected as an additional component at higher stimulus intensities. This observation suggests that slow-and fast-rising CF-EPSCs are mediated by common receptors, and thus glutamate that spilled over to generate slow-rising currents may predominantly activate AMPARs on CF synapses of the recorded PC, the activation of which would be nearly saturated during the occurrence of fast-rising CF-EPSCs (Wadiche and Jahr, 2001; Harrison and Jahr, 2003) .
Differences between pharmacological inhibition and GLAST mutation
GLT1, another type of glial glutamate transporter, is also expressed in Bergmann glia, although the number of molecules of GLT1 is Ͻ15% of that of GLAST molecules . PMB-TBOA at 200 nM inhibited both GLAST and GLT1 almost completely (Shimamoto et al., 2004) , whereas GLT1 on Bergmann glia remains functional in GLAST-deficient mice (Takatsuru et al., 2006) . Therefore, the removal of released glutamate would be retarded more severely by the application of 200 nM PMB-TBOA than in the mutant mice. In fact, slow-rising CF-EPSCs in the presence of PMB-TBOA had a slightly larger amplitude and slower rise time than mutant atypical ones, suggesting that the released glutamate in the presence of PMB-TBOA could spill over more abundantly and activate more numerous AMPARs, including those located at more distant sites (Fig. 1 B) . This also accounts for the more marked effect of CTZ on the amplitude of atypical CF-EPSCs in GLAST-deficient mice than that on slow-rising CF-EPSCs in the presence of PMB-TBOA in WT mice ( Fig. 5 A, B) .
Other possible mechanisms that could produce the slow-rising EPSCs mGluR activation generates slow synaptic currents not only at PF synapses but also at CF synapses (Dzubay and Otis, 2002) , which could affect slow-rising CF-EPSCs. Indeed, we found that mGluR-EPSCs were evoked by CF stimulation in some cells in the presence of 200 nM PMB-TBOA. However, their amplitude and rise time was extremely small (ϳ10 pA at Ϫ80 mV) and did not affect the estimation of slow-rising EPSCs (supplemental Fig.  S1 E, F, available at www.jneurosci.org as supplemental material). It is also possible that PMB-TBOA affects the activating and/or desensitization kinetics of AMPARs and slows down the rise time of CF-EPSCs. Alternatively, slow-rising currents could arise from asynchronous release of glutamate caused by PMB-TBOA. However, these possibilities are unlikely because PMB-TBOA had no effect on the rise time of fast CF-EPSCs.
Functional role of glial glutamate transporters
The occurrence of multiple discrete CF-EPSCs during the application of PMB-TBOA in WT mice (2.7 steps on the average) and in GLAST-deficient mice (2.3 steps on the average) indicates that each PC is activated by one or two neighboring CFs other than the CF innervating the PC concerned under the conditions in which the uptake of glutamate by glial transporters is hindered. The one-to-one relationship at CF-PC synapses has been considered to be important for the cerebellar control of motor function, because motor coordination is impaired in many kinds of mutated mice in which multiple CF innervation persists abnormally in adulthood (Aiba et al., 1994; Chen et al., 1995; Kashiwabuchi et al., 1995; Offermanns et al., 1997) . All of the targeted molecules examined in these mutants except for GLAST were critical for the elimination of CF synapse during cerebellar development, although we cannot exclude the possibility that the developmental elimination of CF innervation is delayed by the deletion of GLAST gene during the fourth postnatal week because multiple fast-rising CF-EPSCs were observed in 15% of the GLASTdeficient mice at P24 -P50 in a previous report (Watase et al., 1998) . However, the apparent multiple CF innervation in GLAST-mutant mice can be reproduced in the wild-type mature cerebellum solely by inhibiting glial glutamate uptake. This suggests that GLAST plays a more important role in the maintenance of the functional one-to-one relationship than in the elimination of CF synapses at CF-PC synapses. GLAST-deficient mice have been shown to be able to manage simple coordinated motor tasks but fail to perform more challenging tasks such as staying on a quickly rotating rod (Watase et al., 1998) . This impairment of motor coordination would be attributed, at least partly, to the trans-cellular spillover of glutamate among neighboring PCs during CF activation.
